objective. To summarize and discuss logistic and administrative challenges we encountered during the Benefits of Enhanced Terminal Room (BETR) Disinfection Study and lessons learned that are pertinent to future utilization of ultraviolet (UV) disinfection devices in other hospitals design. Multicenter cluster randomized trial setting and participants. Nine hospitals in the southeastern United States methods. All participating hospitals developed systems to implement 4 different strategies for terminal room disinfection. We measured compliance with disinfection strategy, barriers to implementation, and perceptions from nurse managers and environmental services (EVS) supervisors throughout the 28-month trial.
Multidrug-resistant organisms (MDROs) are common causes of healthcare-associated infections (HAIs) and lead to adverse patient outcomes, including increased length of hospitalization, morbidity, and mortality. [1] [2] [3] The hospital environment is increasingly recognized as a source of transmission for these MDROs. [4] [5] [6] Enhanced terminal room disinfection using ultraviolet (UV) light in addition to standard cleaning is an evidence-based strategy that decreases the risk of MDRO acquisition from the environment. 7, 8 However, more data are needed to guide hospitals in identifying and overcoming challenges to successful implementation of enhanced disinfection strategies.
We recently completed a large, cluster-randomized multicenter trial to evaluate the impact of enhanced terminal room disinfection strategies on patient outcomes. 7 Herein, we summarize data collected during this trial related to the implementation and logistics of using UV disinfection devices. Our objectives in this report are to summarize and discuss (1) logistic and administrative challenges we encountered during the trial and (2) lessons learned that are pertinent to future utilization of UV disinfection devices in other hospitals.
methods
The Benefits of Enhanced Terminal Room (BETR) Disinfection Study has been described in detail elsewhere. 7 In brief, the BETR Disinfection Study was a pragmatic, prospective, multicenter, cluster-randomized, crossover trial designed to evaluate 4 different strategies for terminal room disinfection in 9 hospitals in the southeastern United States from April 2012 through July 2014. For ease of discussion, the 4 terminal disinfection strategies used in the BETR Disinfection Study will be labeled hereafter as reference, UV, bleach, and bleach and UV. Enhanced strategies were used in targeted rooms, defined as single-patient rooms from which a patient on contact precautions was discharged or transferred.
Our study team engaged local environmental services (EVS), infection control (IC), and physician champions from study hospitals regularly throughout the trial. We met with champions and key hospital personnel in person at the beginning of each study phase. In addition, we held regular "collaborative calls" with the local champions throughout each study phase. We held these calls weekly at the beginning of each phase and less frequently as the phase progressed.
We simplified the room selection process by using enhanced disinfection in all contact precaution rooms, regardless of indication for the use of contact precautions. We used a "Swiss cheese" model of multiple redundant strategies to increase our ability to identify contact precaution rooms for enhanced terminal disinfection: (1) bed control and EVS staff had daily (morning) discussions about patients expected to be discharged; (2) EVS housekeepers were instructed to use contact precaution signs to determine the need for enhanced or standard disinfection at the time of terminal room cleaning; and (3) local infection preventionists made regular rounds to ensure contact precaution signage was accurate. At the beginning of each study phase, housekeepers were provided laminated pocket cards that provided information about the correct chemical to use and whether a UV device was required. Each study hospital developed its own strategy for UV device deployment. Ultimately, EVS supervisors were responsible for deployment of the UV devices at all 9 study hospitals.
We collected data on compliance with study protocols, including the use of the UV disinfection device in targeted rooms during the study. We also administered electronic surveys to EVS supervisors and nursing unit managers from each study hospital after every study phase to obtain qualitative data on perceptions about each terminal room disinfection strategy. We compared responses (1) during the use of quaternary ammonium versus bleach and (2) with and without UV device deployment.
Data were summarized using standard statistical measures. Proportions were compared using a 2-tailed χ 2 test or Fisher exact test, as appropriate. All analyses were completed using SAS software version 9.2 (SAS Institute, Cary, NC). The Duke University Health System Institutional Review Board (IRB) served as the central institutional review board for the trial.
results

Process Considerations
In total, UV disinfection devices were deployed in 16,220 of 18,411 eligible contact precaution rooms (88%). The median hospital compliance was 89% (IQR, 86%-92%), but variation was observed among study hospitals (Supplementary Figure 1) .
A UV disinfection device was used a total of 21,844 times during the 28-month study period. A vegetative cycle (targeting MRSA, VRE, and Acinetobacter in our study) was used 16,313 times (75%), and a spore cycle (targeting C. difficile) was used 3,651 times (17%). The type of cycle was not documented 1,880 times (9%). Of 21,431 cycles with documented times, the cycle completed 21,189 times (97%; range per hospital, 90.8%-98.8%). Among 1,272 aborted or blocked opportunities, the 2 most common causes were "room needed immediately for patient" (n = 906, 71%) and "device malfunction" (n = 72, 5.7%). Device and personnel availability and perception of difficulty moving the machine were infrequent causes of missed or aborted opportunities (n = 30, 2.3%).
Overall, the median cycle time was 33 minutes (IQR, 25-46), with vegetative cycles taking a median of 30 minutes (IQR, 24-41) and spore cycles taking a median of 55 minutes (IQR, 41-71). Considerable variation was noted in the amount of time needed to deploy the UV devices at the study hospitals ( Figure 1 ). Variation appeared to be primarily related to figure 1. Median time* required to complete ultraviolet (UV) disinfection device cycles in 9 study hospitals during the Benefits of Enhanced Terminal Room (BETR) Disinfection Study. NOTE: *Median, IQR, and 95% confidence interval provided for each of the 9 study hospitals using the standard box and whiskers approach. differences in room size, room configurations, and the number of items in the room at the time the UV device was employed. For example, we heard numerous anecdotes about local nursing staff placing additional materials in rooms (eg, IV poles) so they would "be cleaned." We observed that dust accumulated easily on the UV bulbs in the early phases of the study. This dust accumulation was correlated with increased run times, so we initiated a policy to clean the bulbs weekly approximately 2 months into the study.
We reviewed the timing of room discharges for 8 study hospitals and the timing of the use of the UV devices for all 9 study hospitals. Of 598,291 documented room cleanings during the 28-month study period, most occurred during first shift (07:00-15:00) (Figure 2a ). Only 35,380 (6%) occurred during third shift (23:00-07:00). However, of the 19,163 uses of the UV device with complete timing data, the largest number of room cleanings with the UV device occurred during second shift (15:00-23:00). The highest volume of room figure 2b. Percentage of 598,291 patient discharges per hour during the Benefits of Enhanced Terminal Room (BETR) Disinfection Study. Data are provided for any type of patient discharge (all rooms) and for patient discharges after which a UV device was deployed (UV rooms). Data are provided for any type of patient discharge (all rooms) and for patient discharges after which a UV device was deployed (UV rooms).
cleaning per hour occurred from 12:00 to 16:00, while the highest volume of UV device utilization per hour occurred from 13:00 to 18:00 (Figure 2b ).
Qualitative Data
We sent surveys to 517 nurse managers and 270 EVS supervisors during the study; 309 nurse managers (60%) and 184 EVS supervisors (68%) responded (Table 1) . Nurse managers and EVS supervisors both perceived more room cleaning delays during study phases when UV devices were used compared to study phases without UV devices (nurse managers: 45% vs 16%, P < .001; EVS supervisors: 47% vs 21%; P < .001). Nurse managers perceived more complaints from staff concerning odor when UV devices were being used (53% vs 22%; P < .001). The EVS supervisors perceived more complaints about delays from nurse managers (69 vs 38%; P = .0002) and bed control personnel (54 vs 34%; P = .01) with the use of UV devices compared to periods when UV devices were not being used. Regardless of the cleaning strategy, EVS supervisors believed that the delay in the emergency department was the primary cause of the delay in hospital room turnover, whereas nurse managers perceived that room disinfection was the principal source of delay.
Only 1 UV exposure event occurred during the study when a charge nurse who was not trained to operate the UV machine attempted to abort a cycle and entered the room while the machine was operating. The nurse was exposed to the UV-C for approximately 1 minute. The nurse subsequently reported to occupational health with headaches and seeing "sun spots." The nurse received symptomatic therapy and subsequently had no permanent complaints. This event, however, led to the cessation of the use of the UV device in this hospital for approximately 6 weeks while safety concerns were evaluated, and additional precautionary steps were developed and implemented. The event occurred because of several system failures, including a malfunctioning door sensor designed to shut the machine off if the door was breached.
discussion
The BETR Disinfection Study was the first large, multicenter randomized controlled trial to investigate the efficacy of enhanced disinfection strategies. We discovered that implementation of enhanced terminal room disinfection strategies using UV devices requires recognition and mitigation of 2 key barriers: (1) timely and accurate identification of rooms that would benefit from enhanced terminal disinfection and (2) overcoming time constraints to allow EVS cleaning staff sufficient time to properly employ enhanced terminal disinfection methods. We learned several lessons during our study to help overcome these barriers.
Establish Priorities
The use of enhanced terminal disinfection with UV disinfection devices may be perceived by administrative leaders to be in conflict with the need to promptly admit patients waiting in the emergency department or admission area. 7 We believe that this conflict needs to be viewed as a safety issue because enhanced disinfection using UV devices is an evidence-based strategy to improve patient safety. 7, 8 Administrators in charge of bed control must be educated about the need for enhanced disinfection and the additional safety provided by the strategy. Similarly, EVS directors must understand and work with infection prevention personnel to ensure that enhanced strategies are prioritized in appropriate rooms, even if EVS services are obtained through contracted groups. Establishing safety as the highest priority increases the likelihood of success for all other strategies discussed below.
Establish Regular Communication
The conflict between personnel working in bed control and EVS was the primary initial barrier to the use of UV disinfection devices in our study hospitals. Improved communication between these groups is essential to the successful implementation of these devices. We recommend daily direct communication with personnel working in these 2 areas. An effective way to increase both communication and cooperation between these 2 groups is to include EVS personnel in the daily meetings between bed control personnel and nurse managers to facilitate bed assignments and to identify problems that can be negotiated or mitigated. For example, rooms that do not need enhanced terminal room disinfection may be identified and prioritized for patient assignment by bed control staff to provide additional time needed in rooms that require enhanced terminal room disinfection. In addition to facilitating the use of enhanced disinfection by EVS, communication can help overcome the perception held by nurse managers that EVS is the primary cause of room delays observed through our questionnaires. We recommend that infection prevention personnel participate in these daily scheduled discussions whenever possible.
Communication with patients and staff was also important. In response to complaints of a noticeable odor following use of the UV devices, we created and placed tent cards in rooms following the use of the UV device. These cards contained a simple message that explained why there was an unusual odor in the room. This message stated, "This room has been cleaned with ultraviolet light. You may notice a faint odor, but it will dissipate quickly. This smell is the new smell of clean!" Complaints from patients and staff greatly decreased after this strategy was initiated.
Get the Device in the Room
No perfect systems exist to timely identify all rooms eligible for enhanced disinfection. Our "Swiss cheese" model was successful; we were able to deploy the UV disinfection device in almost 90% of eligible rooms. We often received concerned feedback that the arrival of an admitted patient would require termination of the UV cycle before completion. In our experience, however, there was almost always adequate time to complete the cycle. This point is particularly important, as one of the biggest barriers encountered during the study was the concept of a "room under pressure"-a room that was needed urgently or immediately for a patient. In our experience, this pressure was related more to perception than an actual barrier to use of the UV device. During our pretrial investigations, we tracked the amount of time required to bring a patient to a room labeled as "under pressure" and observed that there was always sufficient time to run a standard UV device cycle. Nevertheless, this scenario led to 70% of missed opportunities in our study. Thus, we regularly emphasized the importance of being allowed to start the cycle and run it until the patient arrived. When the patient arrived, the cycle could be aborted and the device could be quickly removed from the room. We believe this approach has some biological plausibility, as even small amounts of UV irradiation can decrease the bioburden of bacteria. 9 Ultimately, this issue is related to the prioritization of safety and underscores the importance of communication.
Tracking Compliance
We tracked EVS compliance data related to appropriate use of disinfectant chemicals, room cleaning (through liquid UV markers), device utilization, and room turnover times. These data were regularly fed back to EVS directors and supervisors as well as infection preventionists during the study. As is familiar to infection prevention personnel, these data were used in multiple ways in our study, including feedback, problem solving, and incentivizing target compliance. These data also helped us overcome the "power of the anecdote" during discussions with bed control and nurse managers. Inevitably, the handful of processes that broke down were more memorable than the numerous times that things went smoothly. Feedback of data on compliance and room turnover time helped remind people of how well functioning the processes were. We recommend that hospitals (1) set goals for compliance with room cleaning and device utilization, (2) regularly and objectively monitor compliance, and (3) feed these data back to EVS and infection prevention personnel at routine intervals.
Gather Necessary Resources
The volume of patient discharges per hour varied widely in our study hospitals, but most discharges occurred between 11:00 and 18:00. Thus, hospitals planning to use enhanced terminal disinfection strategies must ensure that adequate staffing is available at the time the strategies are most often used. In our study, the peak use of the UV emitting devices occurred at the transition from first shift (07:00 to 15:00) to second shift (15:00 to 23:00). Thus, EVS supervisors need to develop systems for "hand offs" and/or develop unique positions that work the end of first shift and beginning of second shift. Similarly, a sufficient number of devices must also be available during times of peak use and/or devices should be located and kept adjacent to high volume locations. In our study, hospitals had approximately 1 machine per 150-200 beds. In fact, device unavailability was rarely cited as a reason for a missed opportunity in our study.
Our study has limitations. Our study took place in 2 tertiary-care hospitals, 6 community hospitals, and a Veterans Affairs medical center in the southeastern United States. Our observations occurred during a randomized controlled trial during which significant resources and time were invested in the use of enhanced disinfection strategies. For example, infection preventionists at several study hospitals increased routine ward rounding during the study to track contact precaution door signs. Thus, some of our findings and process strategies may not be generalizable to other locations or settings. We utilized a single type of UV-C device in our study; other enhanced disinfection devices may require different deployment strategies. In addition, this device and others now have electronic monitoring and notification systems that improve efficiency. However, we suspect that the strategies and lessons discussed above can reasonably be generalized to any type of enhanced terminal disinfection strategy.
In conclusion, implementation of enhanced disinfection strategies utilizing UV devices is difficult. In our experience, key barriers to success included perceptions about EVS, interplay between personnel working in EVS and bed control, and conflict between increased safety and room turnover time. However, implementation of these important strategies can be successful when these barriers are identified and directly addressed. We recommend that hospital infection control and EVS programs review the checklist provided in Supplementary  Table 1 prior to implementing enhanced terminal room disinfection strategies to better assess potential barriers and to identify strategies to overcome these barriers.
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